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Abstract 
A unique bias-dependent phenomenon in CH3NH3PbI3-xClx based planar perovskite solar 
cells has been demonstrated, in which the photovoltaic parameters derived from the current-
voltage (I-V) curves are highly dependent on the initial positive bias of the I-V measurement. 
In FTO/CH3NH3PbI3-xClx/Au devices, the open-circuit voltage and short-circuit current 
increased by ca. 337.5% and 281.9% respectively, by simply increasing the initial bias from 
0.5 V to 2.5 V.  
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Introduction 
Organic-inorganic hybrid perovskite solar cells (PSCs) have attracted much recent research 
attention as one of the most promising photovoltaic technologies, capable of delivering high 
efficiencies of over 16%.[1-3] To date, the commonly adopted perovskite materials for PSCs 
are methylammonium lead iodide (CH3NH3PbI3) and its mixed halide counterparts. Although 
CH3NH3PbI3-xClx perovskite shows a similar band-gap and crystal structure compared with 
CH3NH3PbI3, it shows several unique properties such as a much longer electron diffusion 
length (up to ~1 µm) and a giant dielectric constant enhanced by light illumination or external 
electrical bias.[4, 5] Moreover, the CH3NH3PbI3-xClx film shows abnormal charge 
accumulation, slow dynamic processes within the perovskite film and current-voltage (I-V) 
hysteresis.[6-9] The anomalous hysteresis in the I-V measurement has been a focus of studies 
and much work has been performed in order to explore measurement parameters that may 
affect the hysteresis, such as I-V scan rate, scan directions, delay time, light illumination and 
different device structures. [8-13] Snaith et al. suggested that a contact resistance between the 
perovskite and TiO2 could be the key reason for the hysteresis, while they also discussed 
possible influence of polarization in the perovskite films. [8] However, current hysteresis 
studies have been mostly based on complete perovskite devices with electron/hole selective 
layers. Perovskite devices without these selective layers may provide more convincing 
evidence on the origin of the hysteresis issue, yet rare works have been published in this area. 
Recently, Wei et al. observed that different scanning biases can affect the current-voltage 
curves of CH3NH3PbI3-based perovskite solar cells and increasing positive biases can 
enhance the photocurrent density to some extent.[14] More recently, Chen et al. investigated 
the electric poling effect on performance of CH3NH3PbI3-based perovskite solar cells, in 
which they found that negative electric poling could decrease the device performance by 
  
probably reducing the built-in electric field, while on the other hand, positive electric poling 
may improve the device performance.[15, 16] However, there is still limited systematic study 
on whether or how the CH3NH3PbI3-xClx-based perovskite films in an assembled PSC device 
respond to the external bias applied during the I-V measurements, especially based on a 
capacitor-like device. Also, there is little direct experimental evidence on the origin of the I-V 
hysteresis. 
    Herein, we demonstrate a systematic study on an interesting bias-dependent effect of the 
CH3NH3PbI3-xClx-based PSCs, whereby different initial electrical biases during the reverse I-
V scan (from positive bias to 0 V) have a significant effect on the device parameters. 
Furthermore, we provide direct evidence to confirm that both the bias-dependent effect and I-
V hysteresis phenomenon are resulted from the CH3NH3PbI3-xClx layer itself, which has not 
been reported previously. The new phenomenon reported here can be of importance to set 
standardised testing method and to design better PSCs. 
Experimental section 
Preparation of perovskite:  
Typically, 24 ml of methylamine (33wt% in absolute ethanol), 10 ml of hydroiodic acid 
(55wt% in water), and 100 ml of absolute ethanol were mixed at 0℃ to react for 2 h and MAI 
was crystallized by a rotary evaporator at 50℃. A yellowish powder was obtained, which 
turned to white colour after re-crystallization in the absolute ethanol and diethyl ether. Finally, 
the powder was dried in a vacuum oven at 60 ℃ for 12 h. 
    Chlorine-doped perovskite solution (CH3NH3PbI3-xClx) was prepared by mixing MAI and 
lead (II) chloride at a 3:1 in molar ratio with a concentration of 50wt% in anhydrous N, N-
Dimethylformamide (DMF) solution. Tri-iodide perovskite (CH3NH3PbI3) solution was 
  
prepared by mixing MAI and lead (II) chloride at a 1:1 in molar ratio with a concentration of 
40wt% in anhydrous DMF solution. The solution was filtered by 0.45 µm syringe filter before 
use. 
Solar cell assembly:  
Fluorine-doped tin oxide (FTO) coated glass substrates (FTO22-7, Yingkou OPV Tech New 
Energy Co. Ltd) were etched with 2 M HCl aqueous solution and Zinc powder. Then the 
substrates were cleaned subsequently in acetone, ethanol and isopropanol, and dried under 
nitrogen gas flow. Prior to the spray pyrolysis deposition of TiO2 compact layer, the 
substrates were cleaned by oxygen plasma (RIE, ATX-600, 30W) for 10 min. The spray 
pyrolysis deposited TiO2 blocking layers were post-treated with 0.2 M TiCl4 aqueous solution 
at 70 ℃ for 0.5 h, followed by annealing at 500 ℃ for 30 min. The perovskite solution was 
dispensed onto the TiCl4-treated substrates and spin-coated at 2500 revolutions per minute 
(RPM) for 30 s in air with 2500 RPM/s ramping rate. After annealing treatment at 100 ℃ for 
45 min on a hotplate in the air, the substrates were left cooling down and spin-coated with 
P3HT (MW 54000-75000, Sigma-Aldrich, 15mg/ml in 1, 2-dichlorobenzene) at 2000 RPM 
for 30s. The coated substrates were further annealed at 100 ℃ for 15 min to remove the 
remaining solvent and left in the dark in the glove box overnight before the gold deposition of 
60 nm by e-beam evaporation (Temescal FC-2000). The cell area was defined by a metal 
mask with an aperture area of 0.07 cm
2
.  
    For the assembly of the device P1 (FTO/ CH3NH3PbI3-xClx /Au), a different spin-coating 
condition was used to deposit thicker perovskite film in order to avoid short-circuit of the 
device due to direct contact between the gold layer and the FTO substrate. In brief, the 
perovskite solution was dispensed onto the FTO substrate and spin-coated at 1000 RPM for 
30 s in air with a 200 RPM/s ramping rate, followed by annealing at 100 ℃ for 120 min on a 
hot plate. 
  
Characterization: 
The X-ray diffraction (XRD) measurement was performed on Rigaku Miniflex with cobalt 
Kα radiation and the result was further converted into that of the copper target. Cross-
sectional view of the device was obtained using a Field-Emission Scanning Electron 
Microscope (FE-SEM, JEOL 7100). 
    The current-voltage (I-V) plots were recorded using a solar simulator (AM 1.5, 
100mW/cm
2
, Oriel) equipped with a Keithley model 2420 digital source meter. The incident 
photon-to-current conversion efficiency (IPCE) measurement was performed on a Newport 
1918-c power meter under the irradiation of a 300 W xenon light tower (Newport, 66902) 
with an Oriel CornerstoneT 260 ¼ m monochromator (Oriel, 74125) in DC mode. 
Results and discussion 
Fig 1(a) shows the scheme of the device structure, consisting of FTO/TiO2 blocking layer 
(BL)/CH3NH3PbI3-xClx/P3HT/Au (denoted as device C1). The perovskite structure was 
confirmed by XRD measurement and the thickness of the perovskite film ranges from 0.8 µm 
to 2 µm (Fig S1.). Herein, we define the I-V scan from positive bias to 0 V as a reverse scan 
and the opposite direction as a forward scan. As shown in Fig. 1 (b and c), the I-V curves of 
the device are highly dependent on the initial positive bias. As the initial bias increases, all 
the cell parameters derived from the I-V curves are improved, showing a bias-dependent 
effect. In particular, increasing the initial positive bias from 1 V to 2.5 V leads to a significant 
enhancement of the short-circuit current density (Jsc) and open-circuit voltage (Voc) by 31.1% 
and 13.4% respectively. It should be noted that a higher starting positive bias may possibly 
damage the device due to the possible degradation of organic components under high forward 
current and thus 2.5 V was chosen as the high bias limit. 
  
    This bias-dependent phenomenon is abnormal for solar cells because similar behaviour 
cannot be observed in either dye-sensitized solar cells or polycrystalline silicon solar cells 
(Fig. S2). Moreover, a “V”-shaped feature appears in the high positive bias range of the I-V 
curves, which disappears in the forward scan (Fig. S3). In order to explore the origin of the 
“V” shaped feature, current-time curves were performed both under illumination and dark, 
which show an exponential-like increase of the absolute current with time, indicating a slow 
process occurs under the high positive external bias (Fig. 1 (d)). Such a process takes more 
than 100 s to achieve a relative equilibrium value and contributes to the “V” shaped feature, 
since this feature disappears when performing the I-V scan immediately after 200 s poling at 
1.5 V (Fig. S3 (b)). The exponential change of photocurrent to a constant bias has also been 
observed in a previous report and was related to a capacitive effect of the perovskite films.[11]  
It has been demonstrated that the absolute current increased with time when a high external 
bias was applied to the device C1 and the device current increased rapidly during the first 50s 
when a constant external bias was applied (Fig. 1 (d)). Based on this observation, the “V-
shape” feature of the I-V curves observed in the range from Voc to the initial positive bias can 
be explained as follows. When performing the I-V scan forwardly, both the device current  
(absolute value) and the external bias increased simultaneously from Voc to the initial positive 
bias, and thus the “V”-shaped feature in the I-V curve was absent (Fig S3 (a)). On the other 
hand, when the I-V scan was performed reversely, the device absolute current increased 
rapidly at the initial stage of the I-V scan while the bias reduced gradually, and thus a “V”-
shaped feature appeared in the I-V curves. In brief, we can conclude that the electric response 
of the CH3NH3PbI3-xClx film to the external bias is the origin of the “V”-shaped feature in the 
I-V curves. 
  
Since the photocurrent density is highly dependent on the selected initial bias of the I-V 
scan, it is necessary to determine the actual photocurrent output by measuring the incident 
photon-to-electron conversion efficiency (IPCE) of the device C1 (Fig S4 (a)). It is rather 
surprising to find that the integrated photocurrent density (Jsc) from the IPCE is 6.2 mA/cm
2
, 
significantly lower than that derived from the I-V measurement (Table 1). Therefore, we 
assumed that bias-dependent effect of the device might result in non-steady-state 
measurement of the I-V scans, especially at a high scan rate, leading to a significant Jsc 
deviation between the IPCE and I-V measurement. To examine this assumption, we further 
performed I-V scan based on the device C1 at an extremely slow scan rate (0.0005 V/s), so 
that the I-V data can represent more closely to the steady-state output of the device under 
measurement conditions. As shown in Fig S4 (b), the Jsc derived from this I-V curve is 7.07 
mA/cm
2
, much closer to that achieved by IPCE measurement. Hence, we can conclude that 
the bias-dependent effect can induce exaggerated photovoltaic parameters (i.e. Jsc, Voc, FF 
and η) during the I-V measurement. To minimize the adverse bias-dependent effect on the I-
V measurement, the initial bias should be close to the Voc of the device under test and a slow 
I-V scan rate might be adopted during the I-V scan. The observations from these results also 
arise two key questions: (1) What is the origin of the bias-dependent effect? (2) Why do the 
Voc and Jsc increase with the initial bias of the reverse scan? 
In order to determine the origin of this phenomenon, a series of devices with planar 
structures of FTO/TiO2 BL/CH3NH3PbI3-xClx/spiro-MeOTAD/Au, FTO/TiO2 
BL/CH3NH3PbI3-xClx/Au and FTO/CH3NH3PbI3-xClx/spiro-MeOTAD/Au were assembled.  
Interestingly, the bias-dependent effect was observed in all of these devices (Fig S5), 
suggesting that the perovskite itself might be the origin of the phenomenon. Since the 
organic-inorganic perovskite film can serve as a light-absorber and an electron/hole-
transporting material simultaneously,[4] we also assembled a device with a structure of 
  
FTO/CH3NH3PbI3-xClx/Au (denoted as device P1, Fig 2 (a)) in order to remove any possible 
effect from the P3HT and the TiO2 BL. However, it is worth noting that such a capacitor-like 
structure might easily get short-circuited due to direct contact between the FTO and gold 
layer. To the best of our knowledge, there is no previous report on the I-V measurement 
based on such a device structure. However, characterizing the device P1 can provide direct 
evidence on the origin of the I-V hysteresis as well as the bias-dependent effect. In order to 
fabricate device with the structure of FTO/CH3NH3PbI3-xClx/Au, we tried to use the same 
spin-coating conditions as that of the device C1, whereas all the thus-assembled devices were 
failed due to short-circuit problem. To address the short-circuit problem, we modified the 
spin-coating conditions for fabricating the device P1 and ~ 3 µm-thick perovskite film was 
spun-coated on a pre-patterned FTO substrate (Fig 2 (b)), which finally showed normal I-V 
curves. 
Firstly, we performed reverse and forward I-V scans in the range from 0 V to 1 V and 
found severe I-V hysteresis in this capacitor-like device (Fig 2 (c) and (d)). Since P3HT and 
TiO2 BL layers were absent in this device, we can conclude that the I-V hysteresis should 
originate solely from the CH3NH3PbI3-xClx film. To our knowledge, this is the first time to 
experimentally verify the direct relation between perovskite layer and the I-V hysteresis. 
    Different initial biases were applied to check whether the bias-dependent effect would exist 
in device P1. Indeed, the bias-dependent effect and a “V” shaped feature were observed in 
device P1 (Fig. 2 (e) and (f)), and thus we can conclude that the perovskite film is the origin 
of the bias-dependent effect as well as the “V”-shaped feature in the I-V curves. Moreover, 
the “V” shaped feature in the forward I-V scan curve disappears (Fig 2 (c)), which is in 
accordance with that of the device C1.   
  
It is rather surprising to find that the Voc and Jsc were improved by around 337.5% and 
281.9% respectively by increasing the initial positive bias from 0.5 V to 2.5 V. Compared 
with the device C1, the bias dependent effect is much more significant in the device P1, 
which may be the result of a much thicker CH3NH3PbI3-xClx film (~3 µm for P1, Fig. 2 (b)). 
The response of the perovskite film to the external bias was further confirmed by monitoring 
the current-time (I-t) relationship of the device P1 at a constant bias (Fig S6). We observed 
that the CH3NH3PbI3-xClx film can respond to an external bias as low as 0.5 V. As such, it is 
clear that the effect of external bias on the CH3NH3PbI3-xClx film should not be ignored in any 
I-V measurement of this system. 
According to previous reports, it seems that the polarization of the perovskite film under 
external bias may be the possible reason for the bias-dependent phenomenon and that the 
“V”-shaped I-V curve in the high bias range might partially reflect the rearrangement of the 
perovskite films.[13, 17] . Frost et al. suggested that polarization of the perovskite film may 
occur due to the reorientation of the permanent dipoles (i.e. CH3NH3
+
 and [PbI3]
-
) or dipole 
domains.[10, 13] During the polarization process, capacitive charge can be accumulated at the 
domain walls, which may contribute to the Jsc improvement observed in the bias-dependent 
effect.[7] Also, the existence of the ferroelectric domians in the organic-inorganic hybrid 
perovskite films has been confirmed by piezoforce microscopy.[18] Moreover, it has been 
demonstrated that the CH3NH3PbI3-xClx film shows a Stark effect in perovskite/TiO2 solar 
cells, which is due to a shift of transition energies of a molecule to an electric field, may 
cause a change of the Vbi (and hence Voc) of the PSCs under different external bias.[23, 24] 
Such a Stark effect may explain the drastic Voc improvement in the bias-dependent effect.  
Moreover, it should be noted that the chemical and physical properties of the perovskite 
film are highly dependent on the film deposition method, which may affect the crystal 
  
orientation and size, and in turn affect the rearrangement of the perovskite film in response to 
the external perturbations (i.e. bias and light illumination). [9, 11,
 
14, 25] Thus, this bias-
dependent effect may be dependent on the perovskite film processing method as well. 
Moreover, ion migration (i.e. I
-
, Cl
-
 and CH3NH3
+
) within the perovskite film cannot be ruled 
out at this stage, which might play a role in I-V hysteresis phenomenon and the bias-
dependent effect as well.[12] More detailed study is required to further confirm the proposed 
mechanism and theoretical modelling may provide more convincing explanation of the bias-
dependent effect in the CH3NH3PbI3-xClx based planar perovskite solar cells, all of which are 
now under investigation. Also, it is necessary to study whether ion migration might have any 
effect on the I-V hysteresis as well as the bias-dependent effect. 
Conclusion 
In summary, we have demonstrated in this study that CH3NH3PbI3-xClx based planar 
perovskite solar cells exhibit a significant bias-dependent effect in the current-voltage 
measurement. All of the cell parameters derived from the I-V measurement can be improved 
substantially by performing the reverse scan from a high initial positive bias. Moreover, we 
provide direct evidence to confirm that both the bias-dependent effect and I-V hysteresis 
phenomenon are resulted from the CH3NH3PbI3-xClx layer itself, which has not been reported 
previously. Polarization of the perovskite film due to the electric-field response of the polar 
CH3NH3PbI3-xClx was proposed to play a role in such a bias-dependent effect. These new 
findings and understanding of the external bias-dependent effect in organic-inorganic 
perovskite solar cells provide more insight into the intrinsic behaviour of the CH3NH3PbI3-
xClx films, such as the well-known I-V hysteresis, giant dielectric constant and charge 
accumulation in this new family of solar cells. More importantly, such a significant influence 
  
of the bias on the device measurement suggests that the initial scan bias conditions and I-V 
scan rate should be selected carefully when performing the I-V measurement. Further 
characterization of the capacitive effect, which may be an important factor in properties of 
perovskite solar cells, is required. Furthermore, the significant capacitance effect in the 
CH3NH3PbI3-xClx film as well as its slow dynamic response to the bias may find application 
in other electronic devices. 
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Table 1 Cell parameters derived from the I-V curves of C1 using different initial bias. The 
aperture area is 0.07 cm
2
. (Note: Jsc, Voc, FF and η% correspond to photocurrent density, 
open-circuit voltage, fill factor and efficiency, respectively) 
Initial bias Jsc/mA/cm
2
 Voc/V FF η % 
1 V 17.40 0.67 0.45 5.25 
1.5 V 19.38 0.72 0.53 7.40 
2 V 20.23 0.76 0.58 8.86 
2.5 V 20.51 0.76 0.59 9.17 
 
Table 2 Cell parameters derived from the I-V curves of P1 using different initial bias. The 
aperture area is 0.07 cm
2
.  
Initial bias Jsc/mA/cm
2
 Voc/V FF η% 
0.5 V 6.37 0.16 0.27 0.27 
1 V 12.80 0.32 0.33 1.34 
1.5 V 20.48 0.60 0.42 5.17 
2 V 23.36 0.68 0.50 7.98 
2.5 V 24.33 0.70 0.48 8.19 
 
 
  
Figure Captions: 
Fig. 1   (a) Schematic diagram of the perovskite solar cell structure (device C1); (b) I-V 
curves of the device C1 reversely scanned from different initial biases under AM 1.5, 
100 mW/cm
2
 solar irradiation and the scan rate is 0.1 V/s; (c) The enlarged view of 
the I-V curves in the bias range between 0 V to 1 V; (d) Current-time curves of 
device C1 at a constant external bias of 1.5 V under illumination and dark. 
Fig. 2   (a) Schematic diagram of the device P1 with a structure of FTO/ CH3NH3PbI3-xClx 
/Au; (b) Cross-sectional SEM image of the device P1; I-V curves of the device P1, 
which was performed reversely (black curve) and forwardly (red curve) under AM 
1.5, 100 mW/cm
2
 solar irradiation with a scan rate of 0.1 V/s: (c) full scale I-V 
curves from 0 V to 1 V; (d) Enlarged I-V curves of (c) between 0 V and 0.4 V. (e) I-
V curves of the device P1 reversely scanned from different initial biases under AM 
1.5, 100 mW/cm
2
 solar irradiation and the scan rate is 0.1 V/s; (f) The enlarged view 
of (e) in the bias range between 0 V to 0.8 V. 
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Highlights 
A unique bias-dependent phenomenon in CH3NH3PbI3-xClx based planar perovskite solar 
cells is reported 
Photovoltaic parameters derived from the current-voltage measurement are highly dependent 
on the initial positive bias  
Direct experimental evidence has been provided to verify the origin of current-voltage 
hysteresis and bias-dependent effect 
 
